Abstract Imaging with time-of-flight secondary ion mass spectrometry (TOF-SIMS) has expanded very rapidly with the development of gold cluster ion sources (Au 3 ؉ ). It is now possible to acquire ion density maps (ion images) on a tissue section without any treatment and with a lateral resolution of few micrometers. In this article, we have taken advantage of this technique to study the degeneration/regeneration process in muscles of a Duchenne muscular dystrophy model mouse. Specific distribution of different lipid classes (fatty acids, triglycerides, phospholipids, tocopherol, coenzyme Q9, and cholesterol) allows us to distinguish three different regions on a mouse leg section: one is destroyed, another is degenerating (oxidative stress and deregulation of the phosphoinositol cycle), and the last one is stable. TOF-SIMS imaging shows the ability to localize directly on a tissue section a great number of lipid compounds that reflect the state of the cellular metabolism. In lipidomics, as in all biological domains, the simultaneous localization of numerous organic compounds in tissue sections is a crucial issue for understanding cellular metabolic processes. New tools are developed to acquire the maximum amount of data in a short time, and the use of mass spectrometry images to manage information on biological tissue surfaces is increasing rapidly.
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In lipidomics, as in all biological domains, the simultaneous localization of numerous organic compounds in tissue sections is a crucial issue for understanding cellular metabolic processes. New tools are developed to acquire the maximum amount of data in a short time, and the use of mass spectrometry images to manage information on biological tissue surfaces is increasing rapidly.
Two mass spectrometry imaging methods have been developed. The first one is based on matrix-assisted laser desorption ionization (MALDI) (1, 2) coupled with a timeof-flight (TOF) technique, which leads to the acquisition of images in a mass range from 500 to a few tens of thousands daltons with a spatial resolution of ‫ف‬ 50 m (3, 4) , and the second one is based on TOF secondary ion mass spectrometry (SIMS), which leads to the acquisition of images with masses of Ͻ 1,000 Da with a spatial resolution of 1 m or less (5-7). In both cases, tissue sections having a thickness of 10-20 m are cut using a cryostat at Ϫ 20 Њ C and transferred to target plates (stainless steel or glass). For MALDI-TOF experiments, the matrix is deposited by air spray, whereas no preliminary sample coating is needed for TOF-SIMS experiments. A laser (MALDI) or a focused ion beam (SIMS), both pulsed, irradiates the sample at each surface element, which is called a spot, and from which a mass spectrum is acquired and recorded. Each spot corresponds to a pixel of the image, and the intervals between each spot define the lateral resolution. The inevitable use of a matrix could be a weakness of the MALDI technique: homogeneous deposition by air spray is difficult to control, and the signal visibility is low for m/z Ͻ 600 because of mass interference with matrix ion peaks (8) . Tandem mass spectrometry imaging experiments can extend the accessible mass range down to m/z ‫ف‬ 100-200, but to the detriment of the spatial resolution, which is only 500 m with present tandem mass spectrometers (9) . Future improvements are expected toward a better spatial resolution of 1-10 m in association with reasonable data acquisition time (10, 11) .
For three decades, TOF-SIMS has been used to localize molecular ions as well as elemental ions. With the former ion sources, such as Ga ϩ and In ϩ liquid metal ion guns, the images obtained from tissue sections were limited in mass to ions such as the phosphocholine head group ( m/z 184) (12) . The ability of TOF-SIMS coupled with a gold cluster ion source (13) to acquire molecular ion images of biological samples at a micrometer scale was demonstrated recently (14, 15) . The useful lateral resolution is ‫ف‬ 400 nm with a mass range extended to m/z 1,000. This technique needs neither water/ethanol washing nor matrix deposition. These advantages allow one to preserve the integrity of the biological material and to avoid the possible delocalization of cell markers. Moreover, this technique provides a high rate of fragmentation, which can be used for the identification of ions by structural analysis. To our knowledge, only brain sections (14, 15) and single cells (16) have been analyzed by TOF-SIMS and cluster TOF-SIMS imaging, and no study linked to a molecular disease has been developed with this method.
A recent study by MALDI-TOF imaging mass spectrometry showed a modification of the phosphatidylcholine composition between two areas of a mouse leg muscle section. The mouse was a model of Duchenne muscular dystrophy (DMD). This variation was linked to a cellular fusion process and indicated a regeneration in a destructured area of the muscle (17) .
DMD is a neuromuscular inherited, autosomal recessive disease affecting ‫ف‬ 1 in 3,500 boys. This pathology is characterized by mutations on the X chromosome leading to a lack of dystrophin. Dystrophin is a 427 kDa cytoskeletal protein linked to the sarcoglycan-sarcospan and dystroglycan complexes and to actin, syntrophin, and dystrobrevin. The lack of dystrophin is involved in a complete destruction of the submembrane complexes. Clinical symptoms are muscular fibrosis, inflammatory reactions, and vascular dysfunction. For DMD patients, necrotic muscles are replaced by fibrous connective and adipose tissues. Blake and coworkers provide a recent review (18) .
The mdx mouse model of DMD has been genetically selected for a point mutation on exon 23 of the DMD gene (19) . Unlike DMD patients, few infiltrations by connective or adipose tissues have been observed for these dystrophindeficient animals, and their longevity is not decreased significantly. However, they are good models in which to study the muscle regeneration-degeneration mechanism (20) .
Modifications of the lipid composition of dystrophindeficient muscle investigated by radiolabeling, gas, or thin-layer chromatography (21, 22) and oxidative damage (23) (24) (25) have been demonstrated for DMD patients and model mice. Nevertheless, the most important difficulty remains the fact that in muscle biopsies the muscle fibers are mixed with adipose and conjunctive tissues and can hardly be separated. That is why we decided to study the lipid composition of different areas of a mdx mouse leg section by gold cluster TOF-SIMS imaging.
MATERIALS AND METHODS

Sample preparation
mdx mouse (male, 3 weeks old) legs were frozen in isopentane and cooled to Ϫ 160 Њ C in liquid nitrogen. They were cut at a temperature of Ϫ 20 Њ C using a cryostat (model MGW Lauda 1720; Leica Microsystèmes SA, Rueil-Malmaison, France) at a thickness of 20 m. The tissue sections were deposited onto a stainless-steel plate and stored at Ϫ 80 Њ C. After drying under a pressure of a few hectopascals for 15 min, they were analyzed directly in the mass spectrometer.
Image acquisition
A TOF-SIMS IV mass spectrometer (Ion-Tof GmbH, Münster, Germany) fitted with a gold cluster (Au 3 ϩ ) ion source was used for these experiments. The primary ions impinge the surface of the tissue section with a kinetic energy of 25 keV and an incidence angle of 45 Њ . The primary ion current, measured with a Faraday cup on the sample holder, is ‫ف‬ 0.05 pA for Au 3 ϩ at 10 kHz. The primary ion dose is between 4.7 ϫ 10 11 ions/cm 2 and 10 12 ions/cm 2 . The secondary ions are extracted with an energy of 2 keV and are postaccelerated to 10 keV just before hitting the detector surface (single channel plate followed by a scintillator and a photomultiplier). A low-energy electron flood gun is activated to neutralize the surface during the analysis. The effective ion flight path is ‫ف‬ 2 m using a reflectron, and the mass resolution is ‫ف‬ 6,300 full width at half maximum (FWHM) at m/z 35 and 10,000 (FWHM) at m/z 795.7. The field of view is 500 ϫ 500 m 2 (256 ϫ 256 pixels). To increase the contrast, the images can be compressed to 128 ϫ 128 pixels (final resolution, 3.9 m) during the data processing and an averaging process can be applied. The name of the compounds or the m/z value of the peak centroid, the maximal number of counts in a pixel (mc), and the total number of counts are shown below each image. The color scales correspond to the interval [0, mc].
Mass calibration and ion peak identification
Because of the very low initial kinetic energy distribution of the secondary ions (26) , the relationship between the time of flight and the square root of m/z is always linear. Consequently, the internal mass calibration can be made initially with H ϩ , H 2 ϩ , and CH 3 ϩ ions in the positive ion mode and with H Ϫ , C Ϫ , CH Ϫ , CH 2 Ϫ , C 2 Ϫ , and C 2 H Ϫ ions in the negative ion mode. To further improve the mass accuracy, the mass calibration was refined according to the following procedure. As an example, in the negative ion mode, m/z 79 and 97 ions are identified as PO 3 Ϫ and H 2 PO 4 Ϫ ions, respectively, with a precision of 2 ppm. The mass calibration is then refined by adding these two ions, enabling the identification of ions with m/z values between 251 and 283. Some of these ions are again added to the mass list used for the mass calibration, making it possible to improve the accuracy of the mass measurement above m/z 300. Then, the mass assignments are made according to the following observations. First, the investigated ions have an odd m/z value, which means that the corresponding compounds contain an even number of nitrogen atoms (0, 2, 4, . . . ). Second, the difference between two consecutive monoisotopic peaks is always 2 Da in the groups of peaks located between m/z 643 to 749 and m/z 829 to 882, and an increment of 28 Da separates each of these groups of peaks. This suggests the presence of compounds containing one or several of the fatty acids already identified above. Finally, only lipids, which are the major constituents of cells, have been observed in tissue section TOF-SIMS imaging. Thus, it is possible to conclude that the group of ion peaks at m/z 643-749 corresponds to phosphatidic acids (PAs), whereas the group of ion peaks at m/z 829-882 is attributed to triglycerides (TGs).
RESULTS
All compounds were identified according to the procedure described in Materials and Methods ( Table 1 ). The spectra acquired in the positive and negative modes are shown in Fig. 1A , B , respectively. Figures 2 , 3 show ion density maps recorded in the positive and negative ion modes, respectively. The areas where the images were recorded are very close to each other, as can be seen with the help of the position marks in both optical images (Figs. 2A, 3A) . Furthermore, the two images were recorded at the edge of an area defined below as an "unstructured area." This area has been described as an area undergoing regeneration (17) .
Phosphatidylcholine compounds
In the positive ion mode, the main class of observed phospholipids corresponds to phosphocholine compounds (PCs; 2F ). All of these ions have a quaternary ammonium function that induces a very high secondary ion emission yield compared with the other families of phospholipids. It should be noted that the PC ion emission yield is lowest in the intercellular spaces, which are extremely poor in PC. This observation shows that our sample preparation is not accompanied by any molecular delocalization beyond ‫ف‬ 1 m.
From the images of PC and fragment ions, the structured and unstructured areas are easily observed. These images are perfectly correlated with the optic image ( Fig.  2A ) and the total ion image (Fig. 2B) and offer a quick overview of the tissue structure. Unfortunately, the contrast of the PC image is too low to provide some spatial information (Fig. 2H) . Nonetheless, a slight accumulation of PC fragments is observed in the structured area, but it seems not to be significant (Fig. 2D-F) .
The phospholipid composition of samples from patients with DMD (21, 22) or from mdx mice has already been studied (27, 28) . In most cases, no significant modification of PC abundance has been described. Therefore, the TOF-SIMS images do not disagree with the previous data.
The images show perfectly the cell bodies that correspond to muscular fibers that were cut transversally. Dark areas inside the cells correspond to the nuclei. It can be observed that the high level of central nucleation of this muscular tissue is characteristic of regenerated muscle (29) .
Antioxidant compounds
Tocopherol (vitamin E) ion peaks are clearly observed in both positive (Fig. 2G) and negative (Fig. 3N) ion modes. The image in the positive ion mode shows a lower contrast than that in the negative ion mode and does not show any accumulation in any area. Nevertheless, in the negative ion mode, the tocopherol ion intensity is higher in the central area, between the destructured area to the left and an apparently healthy region to the right. In the negative ion mode, the ion intensity of coenzyme Q9, which is the predominant form of coenzyme Q for rats and mice, is higher in the region where the vitamin E signal is concentrated (Fig. 3O ). In the same zone, two subareas can be defined: the first is located in the top part, where the ion intensities are very high (surrounded by a red line), and the second is located in the bottom part, where the ion intensities are more diffuse (surrounded by a green line).
PAs and phosphoinositol fragments
In the negative ion mode, ion peaks of PAs are clearly observed (Fig. 3P ). Ions at m/z 223.2 and 241.2 (Fig. 3C , D, respectively) correspond to specific fragments of phosphatidylinositols (PIs): phosphatidylinositol phosphate (PIP) and phosphatidylinositol biphosphate (PIP 2 ) (30). The molecular ions of the PI and its derivatives are not observed because of low concentrations or high fragmentation rates.
The PAs are concentrated in the areas surrounded in red and green. The PI fragment ions are abundant in the area surrounded in green. Only a residual and diffuse signal is observed in the red zone.
Accumulations of PAs and PIs in the regions surrounded in red and green, just at the edge of the destructured area, can be linked to an important disorder of lipid metabolism, which is related to high free calcium levels in mdx mouse muscle (31) .
Fatty acids, diglycerides, and TGs
A significant accumulation of TGs is seen in the region surrounded in green (Fig. 3Q) . This can correspond to adipose tissues or to a lipid metabolism disorder at the edge of the structured area.
The FA carboxylate ions are also accumulated in the region surrounded in green (Fig. 3E-L) . These ions can be either free fatty acids or specific fragments of TG or phospholipids. The colocalization of the FA and TG ions on the tissue section led us to think that the FA ions could arise from the fragmentation of the TG during the primary ion bombardment. Indeed, tandem mass spectrometry experiments have shown that the deprotonated molecules ([M-H] Ϫ ) generated by electrospray from TGs dissociate into fatty acid carboxylate anions (32) . The relative intensities of different FA ions can be calculated directly because the secondary ion emission yields of these compounds are almost equal as a result of their closely related physicochemical properties. The study of the composition in C16:n and C18:n, which are the predominant FA structures, led us to distinguish three different areas in Figs. 3, 4 . The first region is the destructured area, where the intensity ratio between C18:0 and C18:1 ions is equal to 0.91 Ϯ 10 Ϫ4 . The second region corresponds to the intermediate region, where this ratio is equal to 0.118 Ϯ 0.004. The third region is the blue region, where the ratio is close to 0.165 Ϯ 0.01 (Fig. 4C) . In the same way, we observed a slight change in the intensity ratio between C16:0 and C16:1 (Fig. 4B) . The other relative FA ratios are not significant (data not shown).
An accumulation of arachidonic acid (C20:4 at m/z 303.18; Fig. 3L ) is observed in the green area.
Cholesterol
Cholesterol ion peaks are observed in both negative and positive ion modes, but in the positive mode, the intensity is too low to provide images with sufficient contrast (data not shown). In the negative ion mode, cholesterol (Fig. 3M) is concentrated in the intermediate and destructured area.
DISCUSSION
Area under inflammatory reaction and degeneration
The colocalization of vitamin E and the reduced form of coenzyme Q9, which are antioxidant compounds, reveals a high level of oxidative stress in the regions surrounded in green and red in Fig. 3 . Many studies have reported indications of oxidative damage, such as higher contents of oxidized proteins, antioxidant protein gene expression, lower contents of free protein thiol groups, and peroxidation of lipids for dystrophin-deficient muscle compared with control muscle (22) (23) (24) . Moreover, a review by Murphy and Kehrer (23) mentioned an increase in antioxidant molecule concentration, specifically vitamin E, in dystrophin-deficient muscles. Nevertheless, all of these studies are based on biopsies and reflect only the global state of the organ. No measurement at the cellular level of this kind of biomarker has been reported.
One of the origins of oxidative stress is the increase of the nitric oxide (NO · ) level that is provided by nitric oxide synthase (NOS). NO · has both a destructive and a protective role. It can react with the superoxide O 2 ·Ϫ to form peroxynitrite, a highly oxidant molecule, and it can also recombine with free radicals generated by inflammatory cells (33, 34) . In the case of DMD, the lack of dystrophin induces a destabilization of the cell membrane, in particular, NOS migration to the cytosol (35) . The importance of NOS has been demonstrated by Wehling, Spencer, and Tidball (36) . Indeed, a NOS transgene reduces the effects of muscular dystrophy for mdx mice. Particularly, muscle membrane injuries decrease as well as serum creatine ki- nase concentration, which is a marker of DMD. It is assumed that NO · protects muscles against oxidative injury and that this protection is reduced in dystrophic muscle. Our results tend to confirm this hypothesis. The accumulations of vitamin E and coenzyme Q9 are significant markers of oxidative stress and inflammatory reactions, which can induce muscle necrosis.
The colocalization of vitamin E, coenzyme Q9, and PA supports the hypothesis that high oxidative stress and inflammatory reactions could occur at the edge of the destructured area. The area surrounded in green, and in some degree the red area, can be considered a degenerative area.
Cholesterol is a molecule incorporated in the membrane that allows its fluidity to modulate. A greater amount of cholesterol corresponds to a decrease of membrane fluidity. This process is known to be related to the degeneration-regeneration process of muscular fibers (37) .
Disorders of the phosphoinositide cycle
The digestion of phospholipids, particularly PC, by phospholipase D (PLD) is a source of PA. It has been clearly established that the level of free calcium is strongly modified in dystrophin-deficient muscles (31, 38) . Now the PLD is known to be activated in the presence of calcium (39, 40) . Therefore, a high concentration of free calcium can induce an increase of PLD activity and consequently an accumulation of PA in some areas of dystrophin-deficient muscle.
Another origin of PA is the catalytic cycle of the phosphoinositides. PI, PIP, and PIP 2 are metabolized by the phospholipase C to give diglyceride/diacylglycerol. Diglyceride/diacylglycerol is then converted into PAs, FAs, or TGs. PAs are finally transformed into cytidine diphosphate diglycerides, which react with the inositol to be converted into PIs. The accumulation of fragments of PI derivatives in the same area as the PAs, FAs, and TGs could be explained as disorders in the phosphoinositide cycle. Moreover, it has been demonstrated that the level of inositol 1,4,5-triphosphate is two times higher in dystrophindeficient cells or muscles compared with control ones (41) . Some results tend to show that the PI turnover is decreased slightly in dystrophin-deficient cells and can lead to an accumulation of PA (42) . Finally, Brown et al. (43) have demonstrated that PIP 2 can also stimulate the activity of PLD and lead to an accumulation of PA. Thus, all of these facts indicate that the area surrounded in green undergoes a strongly disturbed phosphoinositide cycle.
The accumulation of FA can be linked to the fragmentation of TG and to disorders of the phosphoinositide cycle. Moreover, a study by Lindahl et al. (44) described an increase of phospholipase A 2 activity in dystrophin-deficient muscles of patients with DMD. This enzyme is responsible for the degradation of the phospholipids in FA and lysophospholipids. Its activity, which increases in the presence of Ca 2ϩ or oxidative stress (45, 46) , can be linked to the formation of numerous inflammatory mediators such as prostaglandins (47, 48) via arachidonic acid C20:4 and also can be linked to the chronic inflammation observed in dystrophin-deficient muscles (49) . This FA is the precursor of numerous leukotrienes and prostaglandins, which are proinflammatory molecules.
The fatty acid composition of the different areas of the tissue section clearly shows an increase of the intensity ratio between C18:0 and C18:1 and between C16:0 and C16:1 in the red zone of Fig. 4A . This change could be explained by the trend of the dystrophin-deficient cells in the destructured area to compensate for the partial destruction of their membrane by incorporating saturated FA to increase their stability.
Area under regeneration
The destructured area does not show any significant accumulation of compounds. The regenerative character of this area has been determined previously by MALDI-TOF imaging experiments (17) . A change in the PC composition was described and linked to the phenomenon of cell fusion. We have suggested a role of the NOS in the degenerative processes at the edge of the regenerative area. It should be observed that NO · could also activate the muscle satellite cells and induce the regeneration of the tissue (50) .
Conclusion
TOF-SIMS imaging coupled to a gold cluster ion source has shown its ability to simultaneously determine the localization of various lipid compounds on a tissue without any specific preparation. Four different regions of a mdx mouse leg section can be distinguished: one undergoing oxidative stress, a second one degenerating, a third one regenerating, and the last one stable. No treatment was necessary to acquire these images, allowing the integrity of the biological samples to be preserved. Currently, no other imaging technique can generate such a great amount of data with a single data acquisition at the micrometer scale. TOF-SIMS imaging is revealed as a great tool for lipid analysis at the cellular level on a tissue section. This technique would benefit from the development of tandem mass spectrometry-like methods, which would lead to a refined structure determination of diagnostic ions. New primary cluster ion sources and optimized sample preparation methods are also expected to further extend the useful mass range and to favor the desorption of labile compounds.
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